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The Hanford site in Washingt@ate is the most
contaminated site in the USA and presents a major
environmental problem requiring cleamp. Just under
2000 pefabricated capsules containing halides Srf90
and Cs137 and represening around 40% of the total
radioactivity of Hanfordhigh-level wastesHLW) require
a longterm disposal solutian Disposal in deep
geological boreholebas ben suggested, as a safe, rapid
and cost effective means of removitigs substantial
proportionof theradioactivity from the Hanford site.

In this paper we describe a physical model for
disposal of all of the capsules in a single borehole
Numerical modling is performed in order to solve the
heat conduction equation, giving the spatial and temporal
dependence of the temperature in the Hedd. From the
results of these finite difference calculations, we conclude
that this disposal option is not onlyiable from the
thermal loading point of view, but could be made even
more efficient if aslightly wider borehole is considered
enablinga more dense packing tife capsulesand their
overpacks.

[. INTRODUCTION

The Hanford site ilBenton CountyWashirgton, was
established in 1943 as part of the MardmatProject,
producing weapons grade plutonium in the B Reactor. It
continued to be used to produceaterial for atomic
weapons during the coldvar before the onset of
decommissioning operations. The legaxf this program
is that the site is nowhe most contaminated in the USA
presentinga major environmentadnd societalproblem
requiring clearup.

Prefabricated capsules containing halides of Cs
137 and S¥90 represent about 40% of the total
radioactivty of Hanford HLW. There ard935 of these
capsules, each with a total lendibtween0.51 and 0.53
m and an outside diametemostly of about 0.067 m.
These capsules have a high initial thermal loadimgugh
much of this will be exhausted over a timeipdrof 200
years. Al the Cscapsules also contain the londeed

Cs135 isotope, vith a haltlife of 2.3 million years,
presenting a longerm risk. Closure of the Yucca
Mountain repository projectin Nevada means thatew
solutions must be sought fthe safe, longerm disposal
of these and other HLWs at this site.

Geological disposal of HLW and used nuclear
fuel (UNF) in very deep boreholes is a concept whose
time has come. The alternative concept, being pursued by
several countries including Fran&wedenFinland
Switzerlandand the UK, and involving disposal in a
minedunderground repository, is beset with difficulties,
not least of which are the constraints placed upon the
engineered barriers by the high thermal loading. The deep
borehole congat offers a potentially safer, faster and
more costeffective solution.

One suggestion is to dispose of the entire Hanford
inventory of these capsules in a single dgeplogical
borehole. The small diameter of the capsules plus over
pack would requi a relatively narrow borehole, easily
attainable with current drilling technology. Eaplorethe
feasibility of this disposal option, we have conducted
detailed heat flow modeling usitigefinite differences
method We describe our nedireld modeling work in
detail and show how temperature develops over time for
strings of 1a@wo-capsulecontainers holdingither Csor
Srhalide We demonstrate that it ssibleto dispose of
the capsules in this way, ardplorea more efficient
disposal using largerontainers andlightly wider
boreholes.

Il. DEEP BOREHOLE DISPOSAL
[1.A. The DeepBorehole Disposal Concept

The deep borehole dispos@DBD) concept involves
sinking a vertical hole to a depth df5 km into the
granitic basement of the continentalust. The hole is
then lined with steel casinfperforated in the disposal
zone)and the lower 2 km filled with waste containers
together witha sealing and support matrix (e.g. bentonite
clay). The remaining hole is then backfillathd sealed
Hole diaméersin the disposal zone (DZan varyfrom



0.216m to 0.610m (Ref 4), but this is largely dependent
on current drilling envelopeand the type of waste being
considered

While DBD is a multi-barrier conceptit puts the
emphass on an order of magnie increase inthe
geological barrier compared tined repositoriesuch as
SKBOs KBS conceptAt the depths being discussed for
DBD, lateral movement of groundwater is limited due to
very low bulk hydraulic conductivities while upwards
movement of potatially contaminated groundwaters is
further constained by a salinity gradient andlensity
stratification Apart from safety, speed ahplementation
is another major advantageffered by DBD over a
repository; a single borehole could be drilled, casdddf
and sealed in a little ov@ryears.

DBD offers enormous flexibility in disposing of
different waste inventories. wide range of prepackaged
wastes can bdealt with byvarying the diameter of the
hole. Many DBD schemes for SF can accommodate
conplete used PWR and BWR fuel assembli€s
However the preferred option is consolidated disposal
which offers an efficient mean® dispose of a large
number of sperfuel rods in a single container compared
to the disposal of completbiel assemblies. Asingle
borehole could contain wastpackagesconsisting of
combinations of old and youngpent fuel for instance.
Sealing and support matrices can be tailored to give the
best possible performance for a given heat output; for
example, the use of High Detys Support Matri%
(HDSM) for spent fuetlisposaloffers potentially superior
sealing of the waste packages against the saline
groundwaters while specialcementitiousgrouts can be
formulated with delayed setting times for use with lower
heat content was packages. With the ability to deliver
the waste packages singly or in batches, DBD offers a
onestopshop for safe, fast clearp of prepackaged
wastes, provided the packages are not too large in
diameter.

Il. B. BaselineDBD conceptfor the Hanford capsules

The cesium and strontium capesicansistof a
containerin which cesium chloride or strontiufluoride
is sealed withirinnerand outer stealalls. The capsules
vary in length betweef.51 and0.53 m, while their
diameters range fro@.067 to 0.083 mm.
The simplest borehole disposal concept for the capsules
involves putting one, two or more of them end to end,
axially aligned, inside a cylindrical disposal container
(Fig. 1). As athaselin®©casewe have opted for two
capsules base to baseairl.083 m long stainless steel
container(overpack/canisteryvith an O.D. of 0.114 m
and a wall thickness of 12.7 mm (FB). This would
require a 0.216 m (8.5 in) diameter borehole and 0.178 m
(7 in) O.D. casingTo minimise any risk ofleformation
or collapse under the disposal pressure and ensure

efficient conduction of decay heat away from the capsules
the gap between the capsules and container should be
filled with a high conductivity material such as lead or
silicon carbide. The former has the adeges of being
easy to pour into the gap when molten and of providing a
degree of radiation shielding while the latter is cheap,
lightweightandcan be inserted as a dry powder or easily
made into a sleeve or liner for the container. After
insertion of tle capsules any ullage should be filled and
the container lid welded on. The annuli between the
container and casing and between the casing and host
rock should be filled or grouted but, given the relatively
low weights of the packages and the likely sitrof the
containers, the fill or grout may not be required to
function as a support matfi% In other DBD concepts,
e.g. for SNF, the fill or grout can also serve to protect the
containers from premature corrosionthg highly saline
groundwatersbut in this case the relatively short half
lives of the main Cs and Sr radionuclides could enable
this function of the fill also to be dispensed with.
However, depending on the content of 135, it may be
desirable to prolong container life as much as jpessi
Possible fill or grout materials could include bentonite,
cement and crushed host rock
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Fig. 1. Horizontal cross section of ObaselineO DBD
concept for CsCl and SrF2 capsuld$ie outer (darker
blue) ring is the casing.
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Fig. 2. Vertical cros sections of the ObaselineO DBD
concept as simplified for thermalodeling.

[Il. NUMERICAL MODEL AND SOLUTION

We restrict attention to the dominant heat transfer
mechanismbconduction, in our heat flow modeling work
(but see IMC). The spatial and teporal variation of
temperature is obtained as the solution of the heat
conduction equation in cylindrical polar coordinates:

|Z§§0 Iz

where! is the thermal diffusivity, the densityc the
specific hegtR is the radial coordinate,is the vertical
coordinate, whil&sis the volumetric rate of heat
production.The thermal conductivityK ( =!" c) is taken
to be piecewise constant; thatdssay that within the
spatial grid for a given material type, it has no spatial
dependence.

Numericalsolutions to eq. 1 have been obtained
usingthe method ofinite differencesWe have employed
the GRANITE If code for this purposeWe have
decompose the solution zone into several different
material types, each with its own set of thermophysical
properties. These are: the wall rock, mild steel borehole
casing, stainless steel (for both the disposal container and
capsule wall), bentonit@or the boréole filling materia),
and a material representi@gvaste@hich includes the
source term (selgelow).

A rectangular mesh is then created using & non
uniform spacing; a finer spacing is employed in the near
field environment, while a wider spacing aggglifurther
away from the container(s). The origin of the mesh is then
placed along the ax radial symmetnatthe lowest part
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of the first container emplaced down hotediscretized
version of eq. 1 can heritten compactly using matrix
notation.Fora mesh consisting afdivisions along the
radial direction andn divisions along the axial direction
we have

/\']-I+!I = E3'1-1+!I + ES (22)

whereT andT"'" are now column vectors containing the
temperatures for the whole set of mesh points at the
present time and the new time respectivélyandB are
square matrices of dimensiart mthat contain all the
physical and geometrical parameters, wBileontains the
contribution from the source and some of the boundary
conditions.This is a fully implict formulation A
lower/upper decomposition method with iterative
refinementhas been employed in the solutiorttus

matrix problem.

The mathematical model is completed by the
specification of the boundary conditions. These take the
forms: (i) the condiions at the axis are that the
temperature remains finite and that there is zero flux
across this boundaky! T /! R=0 atR = 0; (ii) at large
distances from the source the temperature rise is set to be
zero; (iii) at intefregional boundaries is ensured that the
temperature and flux are the same on either side of the
boundary; (iv) the initial condition takeszero (or
ambient) temperature over all spatial regions.

The top, middle and lower sections of tlisposal
container contentd=(g. 3) are each treated as if they were
singlecompositematerials with their thermophysical
properties calculated as weightaeerage®f their actual
contentsFor each of the middle, heat generating sections,
the radiogenic heat is distributed evenly oter
cylindrical volumes depicted in Fi§, which include the
steel capsule walls and SiC infill or sleeve. Densities and
specific heats of all the composite materials (sections) are
obtained using welknown mixing rules based on volume
fractions(! ;) andmass fractions () respectively:

_# "y 3)
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where the subscriptrefers to each individual component
in thesinglecomposite material. Fadhethermal
conductivitiesof acompositematerial 6ectior), we use a
simple thermal resistance model to combine the
individual thermal conductivitiesConsidering the upper
sections of the CsCl and Srélisposal containers, the
thermal resistance Ocircuit diagramO for each of these
arrangements shown in Figs4 -5 respectively.



9] 1A "
N &%%s S i
B2 27 [ [
I e &% [ 012
z_|o =
o3[ I3
¥ o+, &
2 ¥ & ¥
A SRR S G & B 'HIS%
| 19} 19 9]
S oes+, S S s+, S
A3 S &3 S| 3L((L,
&(%%$ &(%%$

Fig. 3.Schematic diagram showing breakdown of
material types in the twkinds of capsule: CsCl and SgF
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Fig. 4 Circuit diagram showing thermal resistances in

series and parallel combinations for the CsClI source term.
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Fig. 5Circuit diagram showing thermal resistances in
series and parallel combinations for B¢, source term.

The thermal conductivigs of two thermal resistances in
parallel are combined using a volume fraction weighted
sum of their individual conductivis:

Keies = # " )

where the volume fractions refer to the volume of each
component divided by the total volume of the two
materials in the parallel section of the circuit. Thermal
resistances in series are combined using the following
equadion:

K =" 1K (6)

parallel [
i

Note that in the case of CsCl, there is a small (2.6 mm)
gap between the top of the capsule and the inside surface
of the container which would in reality be filled with SiC.
In our modelling work we have ignored thisyt gap,
instead treating the end cap of the capsule as if it were 2.6
mm thicker. For SrJ the gap is 37 mm and therefore too
large to ignore. Consequently we have treated this case as
if the capsule had an extra end cap made of SilCav
thickness o087 mm (Fig.3).

We haveallowedfor temperature dependent
properties for all 8 material types usedhe modelling
work. Tablel showstheranges of properties used within
the code (2% B2500C). These were either calculated
from equations in the literate or, in cases where only
tabulated data were available, are the result of polynomial
fits.

Table 1. Thermophysical properties used @RANITE I
modelling.

I"#$%&'0* | c/(J kgt K™ KI(W miK
)
CsClI 4003.5b 306.0D313.8 | 0.7808D
3857.3 0.4600
Srk 2964.6Db 399.5D450.5 | 4.223D
2924.8 2.567
Stainless | 7900- 7808 | 526.7D579.9 | 14.5D18.3
steel
Helium 0.164 5193.07 0.1505b
0.2199
SiC 3100- 3094 | 662.9D1002 | 333.6D
149.7
Granite | 2630.0 781.5D954.6 | 2.3-1.8
Carbon | 7860.0b 443.3-547.3 | 53.83b
Steel 7797.9 46.34
Bentonite| 2010.0Db 1330.0 1.15
1603.0

Helium properties refer to the thermodynamic state
0.1 MPa and 200C.

For the source terithedata for SrFand CsCl
maximum and minimum heat outgytter container were
fitted using cubic splines and then interpolated within the
code. In all thanodelsreported here, we employed a
fixed time step of 400 Solutions were obtained for
elapsed times of up ttB00 days.

IV. RESULTS AND DISCUSSION
IV.A. Heat conduction

The temperature measured at any point in or
around the borehole will initially rise due to the



radiogenic heating from the waste packdygsafter
reaching a maximum value, will slowly return to ambient
as the activiesof the hdides within the capsules decay
with time. It is of particularinterest to determine the
maximum temperature attained at any point and the time
it takes to reach thitemperature. We have modeled a
stack of 10 containers (each with two halide capsules) and
recorded the temperatures at 9 representative gbits
lie on the borehole axis, outer cylindrical surface of the
containersand the borehole wall at each ofdh levels
(top, middle and bottoraf the 10 container stagkWe
have considered two cases: a stack with containers
comprising two capsules of StFand a second stack with
containers of CsCl, both with the maximum initial heat
output in the year 2020.

Figs.6-7 show temperaturéme curves folCsCl
and Srk respectivelyThe peak temperatures attained by
the Srk; capsule stack are greater than those for the CsCl
capsulecaseat all levelsFor thetop andbottom of the
stack in both casethe temperatuseon the borehole axis
and surface almost coincide due to the fact that the points
lie in the stainless steel container material, which has a
high thernal conductivity. Points on the borehole wall at
the same level are several degrees cooler than on the
container surface. Temperatures at the bottom of the stack
are a few degrees hotter than those at the top; something
which can be attributed to the less efficient downward
conduction of heat (lack of steel casing and presence of
rock below).The timestakento reach peak temperatures
are similar for both halides (~ 1000 days).
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Fig. 6 Temperaturestime curves for a stack of 10
containergtwo CsCl capsulein each with maximum
heat outputCurves aréor points on the borehole axis
(solid lines), the cotainer surface (dashed lines) and the
borehole wall (dotted lines)Blue = bottom Red =
middle Green = topf the stack.
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Fig. 7 Temperaturestime curves for a stack of 10
containergtwo SrF, capsulsin each with maximum
heat outputKey as Fig6.

Figs.8-9 show the variation of peak temperature with
height on the outer surface of the containers. The
temperatures generated do nateed220 (0C for Srfrand
1600C for the CsCMWe have conducted a trial study
using a stack of 50 containers and find thatpbak
temperaturefor this 50 container stack do ngd
significantly higher than th&0 containervalues
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Fig. 8.Peak émperature measured at the container
surface as a function of heighD containerseachwith
two CsClcapsuls and maximum heat output.

Figs. 1011 show the variation of peak temperature along

radii atthe top, middle and bottom of a stack ofth@-
capsule cotainers The greatest heats are generatetl

belowthe middle of the stackith temperatures at the top
and bottom fairly similar. The most important information

to draw from these diagrams is the radial distance at
which the peak temperatidrops to wihin 100C of
ambientwhich iswithin a few meters of the borehole

axis in both cases. The thermal footprint of the borehole

would therefore be quite small.
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Fig. 9. Peak temperatures measured at the container
surface as a function of height. 10 contasneach with
two SrF, capsuls and maximum heat output.
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Fig. 10. Peak temperatures measured atadd

perpendicular tohe borehole axis at the top, bottom and

middle of a 10 container stadkolorsas Fig. 6.
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Fig. 11. Peak temperatures measufedgradii
perpendicular to borehole axis at the top, bottom and
middle of a 10 container stadkolorsas Fig. 6.

IV.B. Convection.

The thermal modelingve have performed and
described in the last section considered only the
conductive flow of heat. Traport of heat by convection
is not expected tbesignificant by comparison. However,
convectioncould beimportant when considered as a
possible mechanism for the upwérdnsport of any
radioactive species which may have entered the
groundwatein andaroundthe disposal zone. Two routes
are possible: (1gonvectiontaking place in the fluids
within the borehole angarticularly in theannulus
between the wall and casingnd(2) convectiorinvolving
host rock groundwatefBhe first mechanism can be
Oengieered outO through the use of mechanical borehole
seals such as swell packers, or matehalsed seals such
as: bentonite, asphalt or cemdnts essential that the
annulus is sealed as well as inside the casing. This could
be achieved either by withalving/cutting away the
casing or filling it via the perforationgin estimate of the
extentof transport via the second mechanisam be
obtainedusing a simplified DarcyOs law mod@étails on
this calculation can be obtained frarBriefly, DarcyOs
law is solved in thdBoussines@pproximation with the
temperature change taken as that due to a steady point
source of heat. The solution of this equation yields an
expressiorfor theverticaldisplacement of a particle,

z=acosh! sinh/ (7

in which#is a parameter whicimustobtained from the
implicit equationbelow

2n [
=2 Lenhs cods + 3sinht cosht +217 (8)
C%E 4 4 g

wheret is timeg andC is a parameter given by

C= L9 9
4#$ ©)

andfor which $is the hydraulic conductivityis the
thermal coefficient ofolume expansiorg is theinitial
rate of heating%/&¢ and' is thermal diffusivity.
We have used the following values for our example
calculation:” = 0.00075 K, # = 10 ms?,
#=2.106 W m'K™, & =2630 kg n?, andc = 874.0 J kg
K, and a kat rate based on disposal of two Sr&psules
with the maximum heat output at the year 2026 (750
W). Calculations have been performesing three
different values of the paramefgr(radial position vaen
z=0):0.1m, 1 mand 10 m and the resuléspdotted in
Fig 12 for times up to 1 million years. From the figure it
is apparent that a particleould move upwards bgnly
3 m at a radial position of 10 m and only 1lupwards



within at a radial position of 0.1nConvective transport
through thehostrock fluids is therefore negligible.
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maximum heat output at year 2020;
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Fig. 12Upwards displacement of a fluid particle

calculated from the simplified Darcy law model and

evaluated for 3 different startirdistances (a) from the

axis

V. CONCLUSIONS

We have conducted thermaldié¢low modeling
in the near field of a singl®,216 mdiameter borehole
filled with stacks of 10 containers, each wit¥o capsules
of either Sri or CsCl at maximum heat output. Our
results hae been analysed in terms of temperatime
curves and platof peak temperature versus radial
distance or vertical height. These data show that a single
borehole could be used to dispose of the emdianford
capsule inventory with temperatures never rising high
enough anywhere in or near the hole to preventisieeof
standard sealing matrices, such as bentonite. However, far
greater economy could be achieved if insteaputfing
only two capsulesn the disposatontainer, we instead
use 6 i{nh 2 rows of3) or 14 @ rows of7) as indicated in
Fig. 13. In orderd achieve this greater packing, wider
boreholes would need to be considered. However the
increased cost of using a wider borehole would be offset
by the use of a shorter disposal zone. The borehole
diameters required for these two concepts (Fig 13.a and b)
are still well within the envelop of existing drilling
technology and experience.

Calculations have been undertaken to estimate
the amount of upward vertical displacement of a
contaminated groundwater particle that might occur due
to convection through ¢hsaturated host rock. These
calculationsinvolvedsolving a DarcyD4 aw modeland
the resultshow that such upwards displacements can be
disregarded (~3 m in a million years).

0 50 100 150 200
mm

Fig. 13. Container geometries for possible alternative
DBD concepts for Cslr Srk, capsules. Colours as in
Fig.2
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